There is mounting evidence that plants are responding to anthropogenic climate change with shifts in flowering phenologies. We conducted a three-generation artificial selection experiment on flowering time in Campanulastrum americanum, an autotetraploid herb, to determine the potential for adaptive evolution of this trait as well as possible costs associated with enhanced or delayed flowering. Divergent selection for earlier and later flowering resulted in a 25-day difference in flowering time. Experiment-wide heritability was 0.31 and 0.23 for the initiation of flowering in early and late lines, respectively. Selection for earlier flowering resulted in significant correlated responses in other traits including smaller size, fewer branches, smaller floral displays, longer fruit maturation times, fewer seeds per fruit and slower seed germination. Results suggest that although flowering time shows the potential to adapt to a changing climate, phenological shifts may be associated with reduced plant fitness possibly hindering evolutionary change.
Introduction
Phenological shifts that correspond with recent anthropogenic climate change are being observed in many plant and animal species. For example, initiation of flowering 3-8 days earlier has been documented by recent studies (Bradley et al., 1999; Fitter and Fitter, 2002; Primack et al., 2004) . However, it is rarely known whether these phenological changes represent evolutionary change or a plastic response to a warming climate (Bradshaw and Holzapfel, 2006; Réale et al., 2003) . This is in part determined by the magnitude of additive genetic variation for phenological traits or the expression of genetic variation in the plastic response to the environment of these traits. Life history traits, such as age of first reproduction (initiation of flowering), typically have lower heritability than those traits with a weaker covariance with fitness (Crnokrak and Roff, 1995;  although not necessarily due to reduced additive genetic variance, Houle, 1992) . It seems likely that adaptive evolution of plants and hence persistence in a warming climate will depend on the magnitude of additive genetic variation for targets of selection such as flowering time.
Genetic interactions between traits under selection and correlated traits were first postulated by Darwin (1859) and have been described in numerous plant and animal systems since (Roff, 1997; Conner and Hartl, 2004) . For example, selection for larger pollen results in a correlated response of larger flowers (Sarkissian and Harder, 2001) , and selection for larger flower size results in a decreased floral display size (Delph et al., 2004 ). An understanding of the shared genetic basis of traits is important because while greater additive genetic variation and heritability enhance the potential for evolutionary response, genetic correlations may either facilitate or hinder evolutionary change depending upon whether correlated responses also increase fitness (Etterson and Shaw, 2001; Etterson, 2004) . In particular, life history traits such as timing of flowering are often genetically correlated and closely associated with fitness. We know little about selection response and the possible costs associated with enhanced or delayed flowering phenotypes.
The autotetraploid herb Campanulastrum americanum exhibits natural variation in flowering time within and among populations. In this outcrossing, insect-pollinated species genetically based earlier flowering phenotypes are found at lower elevations (Galloway et al., 2003) and lower latitudes (Kalisz and Wardle, 1994) . When plants from high elevation populations were planted in a low elevation site, simulating a warmer climate, phenotypic selection favored earlier flowering (Haggerty, 2006) . Across latitudes, early flowering is associated with smaller overall size and reduced reproductive output (Kalisz and Wardle, 1994) . Therefore, changes in flowering time may be associated with changes in plant fitness. However, it is not known whether these changes represent independent evolution of traits in response to local environmental conditions or correlated responses to selection for earlier flowering. At lower elevations and latitudes, early flowering is associated with earlier timing of germination. If timing of fruit maturation, another phenological trait, is also shorter in early flowering plants, it could have substantial effects on fitness in C. americanum where fall-germinating seeds grow as annuals and spring-germinating seeds are biennials (Baskin and Baskin, 1984) . Therefore selection for earlier flowering by a warmer climate could result in correlated response that alters the species life history schedule.
Artificial selection is a direct and powerful way to test the potential for evolution of specific traits, such as flowering time, that may be targets of selection. It has been used to elucidate patterns of heritability for numerous traits (Falconer and Mackay, 1996; Roff, 1997; Brakefield, 2003; Conner, 2003; Fry, 2003) and their correlated responses (Worley and Barrett, 2000; Sarkissian and Harder, 2001; Geber and Griffen, 2003; Delph et al., 2004) . However, response to selection in C. americanum may differ from these studies because it is an autotetraploid. Autopolyploids are expected to harbor greater genetic diversity than diploids, which may enhance response to selection (reviewed in Otto and Whitton, 2000) . Also, as a result of tetrasomic inheritance where two alleles are inherited per locus, both additive and dominance variation may contribute to selection response (Wricke and Weber, 1986) . A larger portion of the total genetic variance contributing to selection response may enhance response to selection in autotetraploids relative to diploids. Despite their prevalence (Masterson, 1994; Soltis and Soltis, 2003) , there are few studies of response to selection in natural autopolyploid plants.
To increase our understanding of the potential for evolution of flowering phenology, we conducted three generations of artificial selection in C. americanum. Specifically, we evaluated the direct response to selection for early and late flowering time and correlated responses in other phenological and morphological traits.
Materials and methods

Artificial selection
Two base populations were established for artificial selection by collecting B200 maternal seed families of C. americanum Small (formally Campanula americana L.) from a naturally occurring population near the Mountain Lake Biological Station, Giles County, Virginia, USA (elevation:B1233 m). Individuals in this population grow on a hillside under the deciduous forest canopy as well as in tree-fall light gaps; fairly typical habitat for this species (Galloway, 2005) . Two seeds per family were germinated in a growth chamber in a randomized design (211C day/121C night, 12 h days). Following 49 days of germination, the temperature was reduced to 51C and seedlings were vernalized for 42 days to stimulate flowering. After vernalization, one seedling per family was transplanted to 4 Â 14 cm tubular pots containing a 3:1 mixture of Promix BX and Turface and moved to the University of Virginia greenhouses. Plants were arranged into four blocks, watered and fertilized as necessary, and reared under supplemental lighting (16-h days). The baseline generation (G 0 ) for each of the two replicate populations was composed of 100 randomly assigned plants.
Artificial selection on flowering time was based on the number of days from the end of the vernalization treatment to first flower. For each base population, the earliest flowering 20% (E), the latest flowering 20% (L) and a random control group 20% (C) were used to produce six selection lines: one upward, one downward and one control per replicate. The control group was chosen from across the flowering range; therefore it was possible for an individual to be a member of the control group and the early or late flowering group. To produce the G 1 generation, each plant was crossed to three other members of its selected group acting either as a male (pollen donor) in two crosses and a female (pollen recipient) in one cross or as a male once and a female twice. This design resulted in 30 families per selection line (see Worley and Barrett, 2000 for a similar design). Because C. americanum is self-compatible and protandrous, flowers used as pollen recipients were emasculated while in the male phase. Replicate crosses were done on three flowers. Fruits were harvested when ripe and seeds stored at 41C.
To produce the G 2 and G 3 generations, six seeds from each of the 30 families in each selection line were germinated as described above (1080 seeds total). After vernalization, 100 plants per line were transplanted and grown in the greenhouse (600 plants total). For each selection line these included three seedlings from 20 randomly chosen families and four seedlings from the remaining 10 families. Due to poor seed production, there were fewer than 30 families in some lines and therefore a greater number of seedlings of each family were used to contribute to the 100 plants grown for that line. The selection criteria and crossing design were the same as for G 1 , with the earliest flowering 20%, the latest flowering 20% and a random 20% selected for crossing in the early, late and control lines, respectively. Siblings within a family had similar flowering times and therefore the early and late selected groups within each generation often included several siblings. To maintain similar levels of relatedness among lines, the number of siblings for the control lines in each generation was adjusted to approximate those of early and late flowering lines. For example, in the final generation of selection 16 random families contributed to the 20 plants in each control line with 4 of the families represented by 2 siblings. This approximated the contribution of siblings to the early and late lines. Crosses between known relatives were avoided to minimize inbreeding.
Evaluating response to selection Direct response to selection on flowering time and correlated response on other phenological and morphological traits were measured following three generations of artificial selection. Eight G 3 seeds from 28 families in C1, E1 and E2, and 30 families in C2, L1 and L2 were individually weighed and germinated in the growth chamber in a fully randomized design under the conditions described above (1392 total). Germination was scored as the number of days from planting to cotyledon emergence. After vernalization, 600 plants (100 per selection line) were transplanted and grown in a randomized block design following the procedures described above. The date of first flower was recorded and flower size was assessed as the average width of two flowers produced within the first five days of flowering. To determine the timing of fruit maturation and seeds per fruit, two flowers were emasculated and hand pollinated with pollen pooled from B10 randomly selected individuals within the same selection line. These fruits were harvested when mature (straw colored; a day or two before dehiscing) and the seeds counted. Floral display size, the number of open flowers, was evaluated when the plants were relatively young (10 days after the first flower opened) and old (when the first fruit of the pollinated flowers matured). Plants were harvested on the day of fruit maturation and weighed when dry. Basal branches (that is, those from the rosette) and the main stem were harvested and weighed separately. Biomass allocated to branches was calculated as a proportion of total biomass.
Data analysis
Interannual environmental variation may affect flowering time and influence heritability estimates. To remove these environmental effects, flowering time was adjusted by subtracting the mean flowering time of the control lines for a specific generation from each individual's trait value in that generation (Falconer and Mackay, 1996; Delph et al., 2004) . The average of the two control lines was used because environmental effects are expected to influence both lines similarly and pooling the two lines provided a more robust sample of annual effects.
The selection differential (S) and response to selection (R) were determined after each round of selection using the adjusted trait values. S was the difference between the mean flowering time of the 20 selected individuals and the mean of the line from which they were selected. Selection differentials were weighted by the proportional contributions of parents to the next generation to account for unequal representation among families within each selection line (Falconer and Mackay, 1996, p 196) . R was calculated by subtracting the mean of the current generation from the mean of the previous generation within each line. For each generation we calculated realized heritability (h 2 ) of flowering time as R/S. Standard errors for each estimate of h 2 were calculated to account for variance that may be due to genetic drift as:
where V p represents the phenotypic variance within a given generation, M the number of plants measured within that generation and N the number of plants selected to act as parents for the next generation (Roff, 1997, p 137) . If h 2 estimates were negative, zero was substituted into the equation for h 2 (Roff, 1997, p 137) . The experiment-wide realized heritability that incorporates all three generations of selection was also estimated for each selection line. The cumulative selection differential was calculated for each generation as the sum of S from the first generation of selection through the current generation. Similarly, the cumulative R was calculated for each generation as the change in flowering time between the current generation and the base population. For each selection line the experiment-wide realized heritability for flowering time was estimated as the slope of the line when the cumulative R was regressed against the cumulative S ( Falconer and Mackay, 1996, pp 197-198; Roff, 1997, pp 137-141) .
The direct response to selection on flowering time in the third generation was evaluated using analysis of variance (ANOVA) with selection line and block (as a random effect) as the sources of variation. Independent contrasts were performed to test for differences in flowering time across the six selection lines between the three pairwise combinations of early, late and control selection regimes. Values for flowering time were log transformed before analysis.
Correlated responses to selection were evaluated for each of the phenological and morphological traits measured in G 3 . As with the timing of flowering, ANOVA was conducted with selection line and block (random) as the sources of variation and independent contrasts were used to identify differentiation between selection regimes for each response variable. Because plant size varied among the selection regimes, biomass was included as a covariate in the ANOVA model for all floral and fruit traits to determine whether any correlated responses to selection were simply due to differences in size. To meet the assumptions of normality, seed weight, germination time and floral display size were squareroot transformed. Fruit maturation time and total above-ground biomass were log transformed and the proportion of biomass allocated to branches was arcsinesquare-root transformed. All statistical analyses were conducted using JMP statistical software (SAS Institute, 2002) .
Results
Flowering time differed significantly among the selection regimes following three generations of selection (Table 1) Figure 1 ). Relative to the controls, early lines flowered 13.3 days earlier (14.7%) and the late lines flowered 12 days later (13.3%).
Realized heritabilities for flowering time estimated for the early selection lines were generally high (overall x ¼ 0.30; s.e. 0.04), with the exception of the last E2 Response variable (Table 2 ). In contrast, heritabilities estimated for the late lines were more variable ranging from 0.05 to 0.34 in L1 and from À0.12 to 0.61 in L2 (Table 2) . Overall, the mean estimate for the late lines (x ¼ 0.18; s.e. 0.03) was substantially lower than for the early lines. Heritability estimates smaller than 0.05 are approximately equal to zero when s.e. are taken into account. In these cases flowering time changed little from one generation to the next. Experiment-wide heritability estimates, incorporating total response to three generations of selection on flowering time, similarly found that early lines had higher realized heritability (x ¼ 0.31) on average than late lines (x ¼ 0.23; Figure 2 ). Correlated responses to artificial selection on flowering time were pronounced for plant size traits. The aboveground biomass of plants in the early flowering selection lines was 29% smaller and the late flowering lines 26% larger than plants in the control lines (Figure 3 , Table 1 ). This difference in size is attributable in part to correlated responses to selection in branchiness; early flowering lines had significantly reduced allocation to branches whereas late flowering lines had significantly greater allocation to branches (Figure 3 , Table 1 ).
For floral traits, correlated responses to selection also differed between the early and late selection lines. For example, the flowers of the late selection lines were significantly larger than the early lines, but early lines did not differ from the controls (Figure 3 , Table 1 ). Similarly, early lines had smaller floral displays than late lines for both young and older age plants (Figure 3 , Table 1 ). However, control lines had larger floral displays than both selection regimes for young plants, but did not differ from the late flowering lines in older individuals.
For young plants, the differences in display size between early and late flowering lines were attributable to plant size; when biomass was included as a covariate the contrast was no longer significant (E vs L F 1546 ¼ 0.42, P40.5). However, biomass did not explain the larger display size for older late flowering plants.
Both early and late selection lines took significantly more time to mature their fruit than the control lines ( Figure 3 , Table 1 ). Early lines also took longer to mature fruit than the late lines. Furthermore, early lines had fewer seeds per fruit than both control and late flowering lines, and greater seed mass than late flowering lines (Figure 3) . The correlated response to selection was less consistent for seeds per fruit and seed weight than other traits measured (Figure 3 ). Germination time was significantly slower in both early and late selection lines compared to the controls (Figure 3 ).
Discussion
Divergent artificial selection for early and late flowering in this C. americanum population differentiated flowering time by 25 days after only three generations of selection. The experiment-wide heritability that resulted in this differentiation was fairly high with between 23 and 31% of the variation in flowering time observed in the offspring generation attributable to additive genetic variance in their parents. Although exact heritability estimates are expected to vary with population sampled and environmental conditions, our results correspond to a broad survey of narrow sense heritabilities for flowering time in other wild, outcrossing plant species (mean h 2 ¼ 0.38, s.e. 0.06; Geber and Griffen, 2003) . For example, heritability estimates for flowering time are between 0.10 and 0.49 in Raphanus sativus (Mazer and Schick, 1991) , 0.33 in Beta vulgaris ssp maritima (Van Dijk et al., 1997) and 0.23 in Silene nutans (Hauser and Weidema, 2000) .
Realized heritability estimates for flowering time in C. americanum may be influenced by the fact that the species is an autotetraploid. The production of gametes with two alleles at each locus results in the inheritance of both Phenological shifts by artificial selection KS Burgess et al additive genetic effects as well as dominance. Therefore, while response to selection in diploids can be predicted by h 2 S, in autotetraploids it is
where the ratio of the dominance variance to phenotypic variance contributes to selection response as well as the heritability (Wricke and Weber, 1986) . As a result, estimates of realized heritability calculated solely on the basis of selection response (R/S) are likely to overestimate the true heritability. The contribution of dominance to selection response will decrease as individuals mate randomly in the generations following selection and diploid models are appropriate to describe selection response after the population has reached equilibrium (Wricke and Weber, 1986) . Previous work suggests the contribution of dominance to flowering time in C. americanum is limited. Specifically, flowering time was the only trait in C. americanum that did not express inbreeding depression in field studies (Galloway and Etterson, 2007) and had the smallest inbreeding depression of all traits measured in the greenhouse (À0.0065, Galloway et al., 2003) . Because inbreeding depression is due to the expression of deleterious recessive alleles, the lack of inbreeding depression in this single trait suggests that there is little dominance for flowering time.
Similarly, flowering time of intraspecific hybrids was typically intermediate to their parents, again suggesting limited dominance (Galloway and Etterson, 2005) . With a limited contribution of dominance to flowering time, the realized heritability we measured was likely a close estimate of the true value. Figure 3 Correlated responses to selection for mean (s.e.) total above-ground biomass, the proportion of biomass allocated to branches, young and old display size, flower size, fruit maturation time, seeds per fruit, seed weight and germination time in C. americanum following three generations of artificial selection for early (E1 and E2), control (C1 and C2) and late (L1 and L2) flowering time. Selection regimes with different letters indicate significance differences based on independent contrast analysis.
Phenological shifts by artificial selection
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Heritability estimates of polyploids may exceed those of diploids because of greater levels of genetic diversity as well as the contribution of dominance to heritability. Our heritability estimates for flowering time are within range, and slightly smaller than the mean, of other wild plant species (Geber and Griffen, 2003) . Similarly, autotetraploid Lythrum salicaria has heritability estimates similar to other wild plant taxa (although a much smaller heritability for flowering time, h 2 ¼ 0.093; O'Neil, 1997). While additional studies are needed in wild autopolyploids to determine the generality of these findings, together they suggest that ploidy level does not substantially alter evolutionary potential and that patterns of selection response of plants which are frequently polyploid will resemble those of animals.
The direct response to three generations of selection on flowering time in C. americanum differed between the selection regimes. Flowering time was typically more variable among individuals within the late flowering lines than the early flowering lines. Realized heritability was also more variable between generations in the late flowering lines. In addition, the pattern of variability in the late flowering lines differed between the selection replicates. This greater variation in selection response in the late flowering lines is reflected in the smaller realized heritability for flowering time in the late lines (h 2 ¼ 0.23) than in the early lines (h 2 ¼ 0.31). A smaller heritability for flowering time in the late lines may also reflect an underlying asymmetry in the allelic frequencies of the genes determining flowering time. If late flowering alleles are more frequent than alleles for early flowering, there would be a greater response to selection in the early direction (Roff, 1997, p 136) . Variable patterns of heritability across generations of selection, and between selection treatments, are quite common in artificial selection experiments (reviewed in Conner and Hartl, 2004) . Given such variation in heritability, our results highlight the utility of experiment-wide heritability estimates for predicting long-term selection response.
Lower and more variable heritability estimates for late flowering than early flowering may not be very surprising. The response to selection indicates that plants flower late, in part, due to their genetic composition. However, plants may also flower late if they are weak or developmentally retarded. Plants may be weak for environmental reasons, for example, small-scale variation in the greenhouse climate, variation in soil volume and hence water availability or insect damage. They may also be weak due to genetic reasons not associated with flowering time, for example, aberrant leaf development. In contrast, there are fewer alternate sources of the early flowering phenotype. This difference in the underlying cause of early and late flowering phenotypes is also likely to be found in nature. As a consequence, our results suggest that unique patterns of response to selection for early and late flowering may contribute to differences in the efficiency of evolution in response to natural selection on this trait.
Strong genetic correlations between phenological, morphological and reproductive traits may inhibit evolutionary response to selection in nature. For example, early flowering lines were composed of smaller plants with less branching, smaller floral displays composed of smaller flowers, fewer seeds per fruit and slower fruit maturation and seed germination than the control lines. It is likely that these correlated responses to selection for earlier flowering are in the opposite direction to the phenotypic values favored by selection in nature (Conner and Rush, 1996; Maad and Alexandersson, 2004; Hansen and Totland, 2006) . Therefore, trade-offs in the underlying genetic architecture of traits that are the targets of selection may limit evolutionary change for flowering time because the increase in fitness associated with a change in reproductive timing may be countered by maladaptive responses in other fitness components.
The other phenological traits measured, timing of germination and fruit maturation, were the only traits in which the control lines were not intermediate to the early and late flowering selection lines. The control lines germinated and matured fruits more rapidly than either of the selection lines. This result is a bit surprising because phenological traits have been shown to be positively correlated in other species (Rathcke and Lacey, 1985; Kelly, 1992; O'Neil, 1997) . However, if flowering time is under stabilizing selection (LF Galloway and KS Burgess, unpublished data), artificial selection away from the phenotypic norm of the population will result in an increased frequency of alleles rarely expressed in natural populations. The longer duration of germination and of fruit maturation in the selection lines may reflect a lack of vigor due to the expression of alleles at correlated traits that have not frequently experienced the rigors of selection. Slower timing of fruit maturation and germination in plants of the early flowering selection lines relative to the controls indicates that the overall phenology is not accelerated. Therefore, changing the time of flowering may not alter whether seeds germinate in the fall as annuals or the spring as biennials. However, field tests are required to confirm this conclusion.
Correlated responses to artificial selection on flowering time resulted in the evolution of suites of life history characters common to other plant taxa. Plants in early flowering selection lines not only flowered earlier but were also smaller with smaller display sizes than those in late flowering lines, a group of traits often found in plants with a shorter lifespan (Olsson and Agren, 2002; Kollmann and Bañ uelos, 2004; Griffith and Watson, 2005) . Some taxa that share these traits also have smaller flowers and produce fewer seeds per fruit, like the early flowering selection lines (Dole, 1992) . There are also similar patterns in C. americanum populations from different habitats. For example, at low elevations and low latitudes C. americanum flower earlier than at higher elevations and higher latitudes (Kalisz and Wardle, 1994; Galloway et al., 2003) . Along a local-scale elevation gradient, changes in phenology and morphology are comparable to the early and late flowering phenotypes found in our artificial selection experiment (Haggerty, 2006) . The similarity of character combinations that we found resulting from selection, to those of other C. americanum populations and other taxa, suggests selection on a single life trait may result in evolution of a suite of life history characters due to underlying genetic correlations.
The phenological shifts that we produced by artificial selection exceed the 3-8 days that have been documented in response to a warming climate for most wild species (Bradley et al., 1999; Fitter and Fitter, 2002; Primack et al., 2004) . There are many unknown factors that may influence the extent to which this pattern may be repeated in nature. First, we do not know whether populations would exhibit plastic responses to warming of similar magnitude. Phenotypic plasticity would buffer populations against selection and reduce the evolutionary response. Second, the strength of selection imposed in this experiment likely exceeds that of natural selection on flowering time in the field. However, when C. americanum plants were grown in field conditions with an earlier spring, we found phenotypic selection for earlier flowering (Haggerty, 2006) . Finally, we do not know the extent to which potentially maladaptive correlated responses to selection, such as smaller plant size and fewer seeds per fruit would retard evolutionary response of early flowering. Nevertheless, this study suggests that it is possible that strong natural selection could rapidly alter the flowering phenology in this native plant species in a direction that is coherent with global change scenarios.
The substantial response to selection and the relatively high heritable component for flowering time of C. americanum indicates that natural selection could result in rapid adaptive response for flowering phenology in this population. However, our study also shows that flowering time will not evolve independently. Strong genetic correlations between morphological, phenological and reproductive traits indicate that selection for earlier or later flowering will result in differentiation for a suite of traits that are also expected to influence fitness. In particular, adaptive evolution of earlier flowering may incur a cost to plant fitness.
